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FOREWORD
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The MITRE Corporation, Bedford, Mass. It carries a MITRE Project
Number 702B. The project was initiated in FY 69. This report describes
the completion of studies on applying microwave integrated circuits and
solid state oscillators to future sensor subsystems for Air Force command
and control.
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ABSTRACT

This report describes the completion of the studies, initiated
in FY 69, carried out to assess the practicability of applying
microwave integrated circuits and solid state fundamental
oscillators to future sensor subsystems for radar and communications,
including data relay. The X-band eight-element phased array
was evaluated, a simple MIC module including a printed antenna
was constructed and studies were carried out of avalanche diode
oscillator modulation characteristics, MIC IMPATT avalanche

diode oscillators, MIC antennas, and MIC evaluation techniques.

iii



ACKNOWLEDGMENTS

This work reported was carried out at The MITRE Corporation,
Radar Technology Department, under USAF Contract No. AF19628-68-C-
0365, Project 700-B.

The authors are grateful to P. C. Blasi, R. W. LaPorte and

R. P. Mclean for their technical assistance.,

iv



TABLE OF CONTENTS

LIST OF ILLUSTRATIONS
LIST OF TABLES
SECTIN I - INTRODUCTION
Background
Program Objectives
SECTION II - SUMMARY AND CONCLUSIONS
SECTION III- WORK ACCOMPLISHED
Transmitting Phased Array
Diode Oscillators and Modulation
MIC Transmitting Module
MIC Quality Measurements
APPENDIX A - MUTUAL COUPLING OF ANTENNA ELEMENTS
APPENDIX B - PHASE-CODED INJECTION-LOCKED OSCILIATOR

APPENDIX C - SIMPLIFIED DESCRIPTION OF DIODE
OSCILLATOR OPERATI(N

REFERENCES

19
19
47
113
116
123

130

137

149



Figure No,

LIST OF ILLUSTRATIONS

Title

A U W N

~

10
11
12
13

14

15

16

17

18
19

20

Transmitting Phase Array
Transmitting Phased Array Module
MIC Transmitting Module
Transmitting Phased Array

High Power IMPATT Oscillator Spectra

Effect of Isolation on Frequency and Phase
Pulling

Slot-Fed Coaxial Dipole
Phase Display

Test Circuit for Measuring Phase and
Amplitude of Primary Fields

E Plane Radiation of Array (¢ = 09)
Three of the Phased Array Modules
Part of Antenna Array

E Plane Radiation Pattern of Dipole with
Baffles and Ground Plane

H Plane Radiation Pattern of Dipole with
Baffles and Ground Plane

E Plane Radiation Pattern of Dipole with
Ground Plane (No Baffles)

H Plane Radiation Pattern of Dipole with
Ground Plane (No Baffles)

Input Impedance of Dipole with Baffles and
Ground Plane

E Plane Radiation Pattern of Array (¢ = 67.59)

E Plane Radiation Pattern of Array
(¢ = 112.59)

Array Beam Angles

Calculated E Plane Radiation Pattern of
Array (¢ = 09)

vi

31
32

33

33
34
37

38

38

39

39

40
42

42
43

44



LIST OF ILLUSTRATIONS - continued

Figure No.

Title

22

23

24

25

26
27
28
29
30
31
32
33
34
35
36

37
38
39

40

41

42

Calculated E Plane Radiation Pattern of
Array (¢ = 67.59)

Calculated E Plane Radiation Pattern of
Array (¢ = 112.59)

Smoothed E Plane Primary Pattern of Dipole,

In Array, With Baffles
Calculated and Measured E Plane Radiation

Pattern of Array (¢ = 180° Phase Increment)

Diode Combinations for High Power Outputs
1/2 W IMPATT Oscillator Cavity
0.5 W Cavity Oscillator with MIC Output

Equivalent Circuits of Package at 8280 MHz

Diode Pill Packages

Diode Mount Substrate

MIC Test Jig

Stub-Tuned MIC Avalanche Oscillator
Side-Coupled MIC Avalanche Oscillator
Pulse Spectrum of Transmitter Oscillator

Typical Bias Curves of Gunn and Avalanche
Oscillators

SPST Switch Response Time
Circuit for Pulse Injection Locking

Typical Qutput from a Phase Detector for
a Pulsed Injection Signal

Transient Response as a Function of
Injection Signal

Bandwidth and Lock Time vs. Lock Gain for
Sylvania Avalanche Oscillator

Measuring Circuit for Binary Phase Code
Modulation

vii

44

45

45

46
54
57

60
62
63
65
67
69
75
77

83
84

86

87

88

90



LIST OF ILLUSTRATIONS - continued

Figure No. Title Page

43 Phase Errors of IMPATT Oscillator with Binary

Phase Coded Injection Signal 93
44 Computed BPC Oscillator Response 94
45 Phase Differential and Slope vs. Frequency

of Injection Signal 98
46 Circuit for Frequency Modulation Tests 99
47 Microstrip T-Dipole on Alumina Substrate 104

Microstrip T-Dipole 105
49 "Bow Tie' Microstrip Dipole 106
50 Equivalent Circuit of Dipole and Matching 107

Section
51 Equivalence Between Balanced and Unbalanced 107

Microstrip Lines
52 Impedance of T-Dipole Connection Sections 109
53 Impedance of T-Dipole Antenna 111
54 E Plane Radiation Pattern of T-Dipole with

Ground Plane 112
55 H Plane Radiation Pattern of T-Dipole with

Ground Plane 112
56 Impedance of '"Bow Tie' Dipole with Ground

Plane 114
57 E Plane Radiation Pattern of "Bow Tie® Dipole

with Ground Plane 115
58 H Plane Radiation Pattern of "Bow Tie' Dipole

with Ground Plane 115
59 Microstrip Ring Resonator 120
60 Phase Errors in Injection Locked Oscillator 124
61 Possible Fit to Phase Curve 126
62 Effect of Non-Uniform Phase Steps 127
63 Antiphase Leakage Signals 127

viii



LIST OF ILLUSTRATIONS -~ concluded

Figure No.

64
65
66
67
68
69
70

Title

Locked Oscillator Transient Response

Phase Modulation

Locked Oscillator Phase for 90° Phase Code
Operation of IMPATT Oscillator

Operation of Gunn Oscillator

Gunn Oscillator Current Waveform

Operation of LSA Oscillator

ix



Table No,

P VO LA

0o ~N o W

10
11

LIST OF TABLES

Title

Typical Array Oscillator
Typical Phase Shifter in Array
Twin-Circulator Used in Array

Typical Commercially Available Gunn and
IMPATT Oscillators

High Efficiency and Peak Power Devices
Typical YIG and Varactor-Tuned Oscillators
Sylvania Avalanche Oscillator SYA-3200

Oscillator Response Time to a Pulsed
Injection Signal

Oscillator Response Time to a Binary
Phase-Coded Signal

Measurements on Two Ring Resonators

Measurements on Linear Resonators

Page

20
24
217

52
55
79
85

91

95
121
122



SECTION I

INTRODUCTION

BACKGROUND

The program described in this report was initiated in 1969 to
meet technology-base needs in the engineering technical areas of
microwave fundamental solid state sources and microwave integrated
circuits (MIC).

The MITRE '"technology base' is provided fundamentally for the
purpose of supporting the USAF (ESD) efforts in system definition
and acquisition. This base is achieved and updated by pursuing
theoretical and experimental advanced techniques in areas identified
as critical to future-generation radar and communications systems.

During the last two years, MIC technology has fully emerged as
a proven technique and a number of system applications have been
reported. The use of the microstrip structure on an alumina
substrate is the usual form at higher frequencies but many variations
in structure and design detail exist with little or no standardization.
There is no question that in many cases this technique offers
advantages in cost, repeatability, size and weight, compared with
coaxial or waveguide structures, The reliability of the passive

components is increased by the structural integrity, making the



active components the limiting factor in reliability. The viability
of MIC subsystems and active components in the design of new systems
now depends mainly on this factor.

In this same period, the microwave fundamental (negative
resistance diode) oscillator has graduated from the laboratory to
system use. The avalanche diode oscillator was initially the most
advanced and promising device and today is still at the forefront of
practical application, together with the Gunn oscillator. Both
devices usually require simple circuit configurations and can be
produced relatively inexpensively in quantity. Their acceptance
rests mainly on proof of reliability.

Because of the above factors, the program was particularly
directed to evaluation of MIC microstrip technology together with the
avalanche diode oscillator. Emplasis was given to the possible
functions of such an oscillator as an element in a phased array
system or as a transmitter in a communication system. With the
above emphasis it was decided that the design and construction of
a small phased array using individual transmitting modules would be
a good way to bring together the various areas of study. The
specific function of local oscillator was not considered since the
successful development of diode local oscillators was already well

advanced.



O0f interest also was the use of phase-shift keying (PSK) and
binary phase code (BPC) modulation in conjunction with an injection
locked solid state microwave oscillator. This interest existed
because of the studies being carried on at MITRE in this area of
signal processing. Whereas previous correlation techniques were
limited to short pulse codes such as the 13-bit Barker Code, the
use of longer codes has become feasible and offers the advantages
of increased energy resolution, target discrimination and clutter
suppression. In implementing the long codes, requiring higher band-
width and higher bit rates, by means of phase-locked microwave
oscillators, the phase errors and transient response of the oscillator
can impose critical limitations. These factors were therefore given

special attention.

PROGRAM OBJECTIVES
The objectives as originally specified were as follows:

. Investigate microwave solid state fundamental
oscillators and their application to future
sensor systems.

. Study the design and associated problems of
phased arrays using individual solid state
fundamental oscillators for the radiating

elements.



Assess the practicability of microwave
integrated circuits for phase locking,
beam steering and other functions in
multiple-source phased arrays.

Design, fabricate and evaluate a phased
array subsystem using solid state sources

and microwave integrated circuits.



SECTION II

SUMMARY AND CONCLUSIONS

The studies initiated in 1969 to meet technology-base necds
in the areas of microwave solid state sources and integrated
circuits were completed.

A simple linear X-band transmitting phased array consisting
of eight active elements was designed and evaluated. as a way of
bringing together the various areas of study (Figure-1). The
latter consisted of a broad study of microstrip passive and active
components and of avalanche diode oscillators and modulation
techniques.

The transmifting array utilized eight active dipole elements,
driven by injection-locked pulse-modulated avalanche diode
oscillators. Phasc shifting was accomplished by a 4-bit diode-
loaded microstrip phase shifter, placed in the injection signal
path of each module. Each module (Figure-2) consisted of a phase
shifter, a double cirailator, a 100 mW cavity oscillator, a monitor
coupler and a coaxial-fed dipole, with coaxial connections between
the components. Later in the program, a single X-band module was
designed and constructed entirely in microstrip (Figure-3) but was
not used in the array. This module, measuring 3" X 1" x 1/8",
incorporated a 170 mW avalanche oscillator and a photoetched dipole

antenna.
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The element spacing of .55 A in the test array was chosen to
give accurate beam steering of + 40 degrees without the appearance
of grating lobes. No amplitude weighting was used in the model.

The beam patterns and steering angles agreed well with theoretical
predictions.

The studies of avalanche diode oscillators were directed to
the characteristics of injection-locked oscillators when modulated
with pulsed amplitude and digital phase codes. The latter was of
special interest since it supported ongoing theoretical studies at
MITRE in the area of digital signal processing and long binary phase
codes in particular. The phase response time of phase-coded, phase-
locked oscillators was studied and confirmed as a limiting factor to
binary modulation rates that will be desirable in advanced signal
processing systems. Aspects of noise spectra, frequency pulling and
errors associated with injection locking were also studied.

Two types of microstrip implementation of avalanche oscillator
were considered and models built. One employed a tank circuit with
distributed output coupling and the other employed stub matching to
the output with a lumped capacitor for DC isolation. The latter
oscillator produced .17 W at 3% efficiency, close to the typical
values for cavity operation. This unit was also incorporated into
the microstrip binary phase-controlled transmitting module described.

A .5 W cavity-type avalanche diode oscillator was designed and tested



to obtain some insight into the problems of impedance matching and
diode characterization., Previous experience with varactor dicde
characterization was extended to develop a technique applicable to

the negative resistance diode, and equivalent circuits were derived

for a diode junction and the impedance transformation of the ''standard"
pill package. The cavity oscillator used a quarterwave transformer

to match the diode to an external microstrip circuit.

The other components designed and/or studied and evaluated
included several types of couplers, hybrids, circulators, and diode
phase shifters. It was found that, as an example of component
design and fabrication problems, the implementation of circulators
in microstrip was more easily talked about than accomplished, and
after much delay the units received from one of two vendors had
poor characteristics. The purchased phase shifters, on the other
hand, which had been developed under another contract, were the
result of considerable experience in the field and had excellent
performance.

Some attention was given to problems of microstrip fabrication
and quality control. Early in-house efforts and efforts by one
vendor were very poor in several respects, particularly in the
photolithography, due to lack of experience. The artwork and
photoreduction stages do not contribute significantly to circuit

errors when adequate equipment is used, and the photolithographic

10



processing is very reliable once appropriate controls are established.
The adherence of thin-film metallization on alumina substrates can

be a problem due to contamination in processing, especially with very
smooth substrates (2 micro-inches) and adequate adherence tests need
to be established. The variation betwecn dielectric constant of

high purity alumina frcm different vendors and different batches is

3 source of trouble, usually solved by stockpiling of material for

a particular component run. Techniques for measurement of microstrip
propagation constant and loss have been evaluated and found to be
very convenient and satisfactory for substrate quality control.

The work described above on the array model and the associated
techniques has been of considerable value, not necessarily for the
dcsign itself, but morc from the standpoint of a vehicle for providing
a practical basis for the determination of the capability and
limitations of solid state microwave oscillators and MIC circuits
in actual system applications.

Much of the commentary in the literature has addressed itself
to the application of microwave integrated circuit solid state
tcchniques to phascd array radars. The arguments supporting these
tcchniques also in general apply to other applications such as
(reliable) communications systems and satellite repeaters and
telemetering systems. Many of the conclusions are generalized since

there are nearly always exceptions, and objective conclusions can
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only be made for specific systems whose goals and objectives are
clearly defined. The following conclusions are based on the results
of this program and views and opinions as expressed in the literature
and at various meetings and symposiatl-a’ 62’63].

The greatest system needs are for increased reliability and
life. This has to be achieved in the face of growing system
complexity, especially in large, ground-based phased array systems,
to which most of the recent (1969-70) commentary has been addressed.

All-solid-state systems offer the potential of meeting these
needs and justify the tremendous effort which is current towards
achieving such systems. This potential is far from being realized,
however. The reliability of many microwave components using active
devices leaves much to be desired and is far from proven. It is
usually detemined, not by the inherent design of the active devices,
when adequately rated, but by the fabrication processes, particularly
the bonding of connections. It is exceedingly important that the
question of reliability is addressed at early stages of component
development. In general the reliability of active devices decreases
as the power increases. This trend is a function of increased
operating temperature which can result in diffusion of materials,
bonding failures and excessive rating on a mean or peak power
basis. Claims for power output of microwave devices obtained under

laboratory conditions are sometimes colored by optimism and are not

12



obtainable under reliable operating conditions. A second
unreliability factor is the interconnecticn of passive devices,

for example capacitor chips and component substrates. Manual bond-
ing techniques are commonly used and are subject to many faults
including errors of judgment where all factorc are not controlled ox
correctly set.

An associated need is for minimum or zero maintenance. The
trend is to incorporate automatic monitoring and celf-chccking
circuits.

For phased array radars, the use of individually driven
radiating elements by means of distributed solid state power sources,
although necessary because of the power limitations of the solid
state sources, has great merit from the reliability standpoint. The
use of amplifiers or phase-locked oscillators as transmitters
appears to be a most promising approach. The miniaturization of
solid state transceiver modules allows them to be within the antenna
assembly, thereby reducing the system losses and increasing overall
detection capability. This technique allows what is commonly termed
a "graceful deterioration' of a system as power modules fail, since
each failure produces only a small perturbation of system performance.
The common parts of the system, operating at low power levels, have

to be designed for very high reliability, however.

13



Because of the high mean powers typical of ground-based long-
range radar systems, the efficiency is a dominant factor. At L-band,
the transistor and the avalanche diode oscillator have demonstrated
efficiencies comparable to high power tube devices such as the
magnetron and cross field amplifier. With increasing frequency,
however, the tradeoff between the higher efficiencies of the tube
devices and the higher basic reliability of the solid state devices
tends to favor the fommer.

Avionics and satellite systems, which require miniaturization
and reduced weight as prime factors, have justified the extensive
development of high dielectric-constant (ceramic) microwave circuits
which result in a linear scaling factor of up to three or four
compared to conventional coaxial or waveguide circuits, although
the necessity for metal enclosures in most cases negates a good part
of the intrinsic savings in size and weight. The fabrication of
enclosures can also become a significant cost factor, and development
of low—cost metallized plastic moldings or other techniques would
be well justified. A microminiaturization bibliography exists[64’65].

The use of the hybrid microstrip technique with components
bonded to photolithographed circuits on ceramic is likely to meet
the needs of miniaturized microwave circuits in the foreseeable
future. The technique is thoroughly proven and its reliability is
detemined by the bonding processes and active devices, as discussed

elsewhere.

14




For the ground-based systems, the emphasis is placed on per-
formance (efficiency) and production costs while the question of
reduced size is secondary. The high potential reliability of solid
state devices is essential for the implementation of the increased
complexity and performance demanded by advanced systems. At the
same time this complexity must be counteracted by decreased component
costs. The future costs of MIC/solid state components, in quantity,
can be expected to decrease by an order of magnitude from present
small-quantity costs. The cost of the active devices in these
ccmponents is currently the major factor, but the usual downward
trend can be expected to apply as techniques become established.

The choice of solid state microwave transmitters is by no
means obvious as the technology is moving so fast. Below S-band,
the transistor amplifier was a clear choice until recently, when
high pulse powers with good efficiency have also been obtained
frem TRAPATT oscillators. Transistors delivering 100 wat:ts at
457, efficiency are currently available at L-band. S-band transistors
are well under development and if the l/f2 power/frequency
dependency established by Johnson and DeLoach is assumed, we might
hope for 100 W at S-band. At S-band and above, the use of varactor
(step recovery diode) multipliers can provide moderate power with
good conversion efficiencies. Varactors capable of 3 W output at

X-band and 1% W at Ku-band are now available. In competition above
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S-band are the solid state fundamental (negative resistance diode)
oscillators. Avalanche diode oscillators operating in the high
efficiency TRAPATT mode are the most promising devices for the

future and much laboratory development is going on. 200 W pulse

power at 407 efficiency has been obtained at L-band with a single
diode[66] and 1.2 kw pulse power at 267 efficiency was obtained with
stacked diodesEZAJ. Thirty percent efficiency has been reported for a
pulsed X-band oscillator, comparable in efficiency with a transistor/
varactor combination., Powers (CW or long pulse) up to 3 W have

been reported for X-band avalanche diode oscillators and amplifiers = H

Much higher pulse powers, about 1 kW at X-band, are available
using LSA diode oscillators, but their mean power limitation requires
low duty ratios and short pulses, restricting their application to
very short range, high resolution radars. Their low efficiency,
typically below 10%, is less important in this case where their
power input would be small,

There are many problems remaining to be solved before
completely solid state systems of the highest reliability and
performance, with minimum cost, are fully realized.

The reproducibility of microwave integrated circuits using
hybrid construction, a technique likely to stay for a long time,
has to be greatly improved. Although the photolithographed
circuits themselves are very reproducible, the trimming and adjusting

required to take care of diode variations, etc., needs to be
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eliminated or methods developed to make them easily accomplished

in production. Active devices need to be characterized in the
circuit environment so that the effects of parasitic impedances
become negligible. Reduction of parasitics not only improves the
impedance matching possible over extended bandwidths but makes the
circuits more amenable to calculation, optimization and to computer-
aided design.

Much development is still needed to improve heat removal from
active devices, using high thermal conductivity heat sinks and
substrates, and to transfer heat from these local heat sinks to a
heat exchanger.

Improved and low-cost techniques for enclosing and protecting
integrated circuits are needed. Standardization of component sub-
units and dimensions of microstrip should be seriously considered
as a means of lowering costs and encouraging the manufacture of
standard component building blocks.

Further development of computer-aided design techniques for
synthesis procedures will help speed up and reduce the costs of
future designs, particularly if some parameters can be standardized.

With the rapid development of solid state circuits at all
frequencies, it has become practicable to implement a whole range
of new system functions. The development of adaptive and multi-

function systems having variable parameters has become feasible.
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The trend now made possible is toward completely digital systems
using digital signal processing and digitally generated waveforms.
Up to L-band, all system functions can be performed by solid state
devices, using distributed sources to meet RF power requirements.
At higher microwave frequencies, however, a tradeoff between
efficiency and reliability involving the choice between tubes and
solid state devices is still required for high power systems. Apart
from this question, the use of solid state devices and microwave
integrated circuit techniques can meet all the demands of radar
systems.,

In conclusion, the work carried out under this program has
helped to verify and emphasize the applications of microwave
integrated circuit and solid state technology in the areas discussed

above.
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SECTION III
WORK ACCOMPLISHED

TRANSMITTING PHASED ARRAY

The main emphasis during FY 1969 was given to the design and
evaluation of components which were integrated into a small X-band
transmitting linear phased array (Figure 1). This simple array was
used as an appropriate test model for the design, study and
integration of some typical MIC components and solid state oscillators.
Fabrication of the array was completed at the end of FY 1969 but a
subsequent change was made to the antennas before evaluation, as
discussed later. The array patterns and beam steering were measured
and agreed well with theoretical computations.

The array (Figure 1) consisted of eight transmitting modules
(Figure 2), each containing a coaxially fed dipole as the radiating
elements., These elements were spaced .55 wavelength apart, with two
additional terminated dummy elements at each end. This spacing was
chosen to allow end-fire grating lobes to appear for a beam
deflection of 55° resulting in accurate beam steering to over + 40°,
Baffles were used between the radiating elements, which were oriented
along the axis of the array to provide an E plane radiation pattern
in the scanning plane. All active elements were fed with nominally

equal amplitudes at a frequency of 9375 MHz.
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Figure-4 shows the circuit block diagram of the transmitting
array. Out of several possibilities, the circuit configuration
shown was chosen for the following reasons:

a) An avalanche oscillator operating in its fundamental mode
was chosen initially because it represented the most fully developed
technique of fundamental solid state microwave power oscillation
at X-band and was a likely candidate for initial application to
future radar systems. The design theory of these oscillators is
well established and many types are commercially available, although
their reliability is uncertain.

The oscillators used in the array model were commercial
coaxial cavity units giving 0.1 W, CW output. Table 1 gives data
for a typical unit, although there was considerable spread of
characteristics, especially in the value of Q.

TABLE 1

Typical Array Oscillator

Frequency (tunable) 9375 MHz
Power 0.1W
Efficiency 4%

Bias Voltage 88 Vv
Bias Current 28 mA

Q 50

20
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b) The injection-locking technique used to establish the
phase coherency necessary between the oscillators of the array, was
chosen because it is a straightforward, reliable and well-established
technique with a sound theoretical basis. This technique, which is
reviewed in a later section, is basically a synchronization process
where the output signal is phase locked to a relatively small input
(injection) signal to within a small phase error.

In addition to phase locking the oscillators of the array,
the injection source also reduced the ™ noise of the free running
oscillator. This reduction in the noise sidebands is shown in
Figure-5.

c) The choice of digital rather than analog phase-switching
was chosen in accordance with contemporary design philosophy based
on integrated circuit design and computer-controlled beam steering.
Two types of diode-switched phase shifters have been developed under
various programs, being either switched line-length (time delay)
devices or reactively loaded circuits producing switched phase shifts.
A device of the latter class fabricated in microstrip was chosen
because of its availability and the compatibility of its parameters
with our requirements. Table 2 gives data on a typical unit.

An alternative design using phase-shift control in a
magnetized ferrite microstrip substrate was considered initially but

such devices were in were too early a state of laboratory development
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TABLE 2

Tvpical Phase Shifter in Array

Number of bits 4

Phase Unit (min. phase increment) 22% degrees
Frequency 9375 MHz

Input and Output Impedance 50 ohm
Construction Microstrip, chrome-

gold on 0.02 inch
alumina substrate.

Insertion loss 2.2 to 3.0 dB

Input and Ourput VSWR 1.20 to 1.65

Absolute Phase Error + 3o

Phase Tracking Error ¥ 10° (specified)
Response Time to Control Signal 200 ns max. (specified)

24



At this time, such ferrite devices are still not available but are
a future possibility, particularly at X-band or above, where they
offer potentially lower loss than their diode counterparts.

The use of phase-shift control of the low-level injection-
locking signal offers the particular advantage of not reducing the
efficiency by introducing the phase shifter loss into the transmitter
output path. In the circuit arrangement used, neither the phase
shifter loss nor its power handling capacity are of major importance.
The circuit can be extended to transmit/receive operation by frequency
side-stepping the phase-shifted injection signal to generate a local
oscillator signal for reception.

d) The twin-circulator configuration was chosen to give high
isolation between each phase-shifter and the associated oscillator.
This was necessary in view of the high standing wave ratio presented
by the phase shifter and which varied with its phase-state, causing
considerable phase error of the oscillator signal unless high
isolation were provided. This is demonstrated by Figure 6, which
shows the calculated first order effect of isolation between one
oscillator (Q = 39) and the source (phase shifter output) having a
VSWR of 2. The open loop frequency pulling Of is based on measured

data* and the corresponding phase pulling @ under injection-locked

*Reference 5, p.28 and Figure 17.
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conditions is calculated from Equation Bl, Appendix B. These curves
demonstrate the need for high isolation, typically 40 dB.

As discussed in a later section, the isolation of the single
circulator section between the oscillator and the antenna was
considered at the time to be adequate for this model. A practical
system might in some circumstances require the extra isolation
provided by a triple-circulator arrangement.

Table 3 gives typical data on one twin-circulator.

TABLE 3

Twin-Circulator Used in Array

Frequency 9375 MHz
Impedance at Ports 50 ohm
VSWR at Ports 1.5 max.

Insertion loss between adjacent ports 0.8 dB
Isolation between adjacent ports 25 dB typ., 15 dB min.

Isolation between doubly isolated
ports > 41 dB typ.

e) The use of multiple hybrids to provide the power split of
the injection signal was chosen because of the isolation provided.
The latter was necessary to minimize relative phase errors in the
injection signals from the divider, due to impedance interactions.

The splitter is shown at the rear of the array (Figure 1).
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f) A coaxial-fed dipole of conventional design was used for
the radiating element (Figure-7) because of the convenient trans-
formation to the associated circuits and because of the possible
implementation in microstrip format, making a completely integrated
module a possibility. Such a module was subsequently demonstrated
and is described in a later section.

Figure 2 shows a photograph of one transmitting module
comprising (left to right) the phase shifter, circulator, oscillator
(top) , monitor coupler, and antenna.

A control and indicator panel using a matrix of lamps
(Figure-8) was used to provide a manually switched control and
graphical display of the phase-states of the eight phase shifters
controlling the transmitted outputs and, thus, the phase slope across
the array. This panel was also valuable in the boresighting procedure

as described in a later section.

Boresighting

The boresighting procedure consisted of adjustment of the
individual phase shifter states to give approximately equal-phase
excitations of the dipole elements. The test circuit used (Figure-
9) consisted of a small horn antenna placed several feet from the
array in the far field, and a phase bridge which used the common
injection-signal source as the phase reference.

Since no phase-trimming adjustments were incorporated into

the system, the phase shifters were used for this purpose. The
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phase shifters were adjusted so that the radiated fields from the
individual elements had equal phases to within the quantization error
of half the phase unit, This error was 11.25 degrees for the phase
unit of 22.5 degrees (360/24 degrees for the four-bit phase shifter).
The RMS value (standard deviation) of the phase errors, measured
after completion of the above adjustments, was 9.5 degrees.

A visual display of the phase states across the array was
provided by a matrix of indicator lamps (Figure 8) activated by the
binary phase-control switches seen at the bottan of the panel. Each
column of lamps corresponded to one module of the array, with the
vertical positions corresponding to the relative phase shifts. By
appropriate connections, the indicated relative phase shifts were
all set to zero (top and bottom rows) after the boresighting was
completed. Subsequent beam steering was obtained by stepping the
phase-shifter states to give an approximately linear phase slope
across the array, as visually indicated by the lamps. The setting
shown by Figure 8 corresponds to aa average phase slope of 15
phase units (337.5 deg.) across the array (l4 deg. beam deflection).

The test circuit was also used to measure the relative ampli-
tudes of the individual radiated fields. The amplitude distribution
varied by 107 RMS and 2.5 dB peak to peak, due mainly to output
power variations from the oscillators. This degree of amplitude

modulation of the power distribution was acceptable for the model whose
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theoretical sin X/X radiation pattern had first sidelobes of -13.2 dB.
The sidelobes corresponding to any one sinusoidal component of
amplitude modulation across the array with modulation index m
(modulation/carrier ratio) would have amplitude m/2. For example,

if the measured amplitude distribution had a single sinusoidal
component of 10% (pessimistic), then m = .1, giving a pair of -26 dB
sidebands. For a practical system with amplitude tapering across

the array to produce reduced sidelobes, a correspondingly tighter
specification would be placed on the allowable amplitude variation
across the array.

With the boresight adjustments made as described above, the
measured boresight pattern (Figure-10) agreed well with the theoretical
pattern. The half-power beamwidth was 12° (as calculated) in the
scanning plane, with a first sidelobe level of -12 dB.

Antenna Element Coupling and Modification

Figure-1ll shows the major components of three of the eight
phased-array modules. The avalanche oscillators are made coherent
by injection locking from a common source, and the output phase from
each antenna element is determined by the phase shifter. The
antenna beam is steered by proper adjustment of the phase shifter
which can step the output signal phase from each antenna in 22.5o

phase units.
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Figure 7 - Slot-Fed Coaxial Dipole
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To avoid degradation of the array radiation pattern sidelobes
and, to a lesser extent, errors in beam steering, it is important
that excessive phase errors are not introduced into the oscillator
outputs. Inadequate isolation between the oscillators and the
antenna elements, together with high mutual coupling between these
elements, can result in large absolute phase errors, which if
unequal, can result in significant phase fluctuations across the
array. These effects can be pronounced when phase-locked oscillators
are used, as in the model described, and are discussed in more
detail in Appendix A. Preliminary tests with the original array
showed the coupling between adjacent elements in the array (coupling
S;, Figure-11) to be -16 dB as predicted by theory[6]. The
circulators, which were the only commercial units available at the
time, had a minimum isolation (coupling Sz, Figure 11) of only 15 dB
at the operating frequency of 9375 MHz. With the injection-locked
oscillators of 20 dB gain (power out/locking power in), the leakage
signal between adjacent modules was only 11 dB below the injection
level. This could produce between zero and 29 deg. absolute phase
error, according to the phasing, which is a function of the path lengths.
This effect was confirmed by measuring the effect of phase change
in one transmitting module upon the phase of the adjacent module. To
avoid the cost and particularly the time-delay of incorporating new

circulators with increased isolation, the expedient was used of
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decreasing the antenna coupling by using baffles between the dipole
elements. This reduced the coupling by an additional 10 dB to provide
-25 dB isolation. Figure 12 is a photograph of the partly disassembled
array showing the isolation baffles between the dipole elements. The
coupling could also have been reduced by increasing the injection
level.

Principal plane radiation patterns of a dipole element in the
array environment are shown in Figures 13 and 1l4. The presence of
the baffles broadens the radiation patterns, as seen by comparing
the patterns with those taken without the baffles (Figures 15 and 16).
The gain of the dipole with baffles was 4,5 dB. An impedance plot
over the band 9.0 to 9.8 GHz is shown in Figure 17. The maximum
VSWR was 1.6.
Scanning Performance

Beam deflection was produced by setting the differential phase
shifts, relative to their initial boresight states, to approximate
the linear phase slope required across the array. The beam
deflection © is given by

® = sin™ [¢/(2mD/N)] ,

(D
= sin™* [¢ deg/198 deg]

for the element spacing D = .55 A for the model, where A is the
wavelength and the differential phase shift ¢ is approximated by the

nearest possible phase step, in multiples of 22.5 deg.

36




Aeily euuajuy Jo 3aeg - zI 2an3ig

37






of—o—o—o—g—8—g—

NE (

PLANE RADIATION PATT

E
DIPOLE WITH GROUND PLA

OF
ES)

H PLANE RADIATION PATTERN

16
DIPOLE WITH GROUND PLANE (NO BAFFL

Figure



t =90 TO 9.8 GMz

REF. PLANE : INPUT CONNECTOR

129°'2€ -viI

Figure 17 INPUT IMPEDANCE OF DIPOLE WITH BAFFLES & GROUND PLANE

40



Radiation patterns were measured for values of phase dif-
ferential ¢ between 1 ad 8 units (22.5 to 180 deg). Figure-18 shows
the pattern for ¢ = 67.5 deg.; ¥ = 20 deg.; and Figure-19 corresponds
to ¢ = 112.5 deg.; ® = 34 deg. A comparison of measured and calculated
beam deflections is given in Figure-20 and shows good agreement up
to 40 deg. beam angle.

To validate the measured patterns, a computer was programmed
to calculate the ideal patterns. Using the principle of pattern
mult:iplicat:ionD:| the pattern of an array of eight isotropic sources
was multiplied by the pattern of a single element to obtain the

actual array pattern. A sine function was used to approxlmate the

element pattern giving a far field from the array in the direction

© of
1 S‘L“zm
E(9) = § ° — = sing, (2)
sin 2

where N is the number of elements, ©® is the angle with respect to

the direction of the array and M is given by

2
M=—T£—D'COS(CO-¢), (3
and sin ©® is the assumed primary pattern.

For the model, with N = 8 and D/A = .55,

_sin ® 1,382 cos (¢ - @)
E(¥) == Bt [.1728 cos (¥ - ¢)] ) £
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(¢ =180° PHASE INCREMENTS)

46



The calculated radiation patterns from Equation (4) are shown in
Figures 21 through 23 and show satisfactory agreement with the
corresponding measured patterns, Figures 10, 18 and 19.

The comparison of computed and measured radiation patterns was
also extended to large beam deflections at which a secondary (grating)
min lobe existed. Since the sin ¢ assumption for the primary pattern
failed for angles near zero (in the array direction), the measured
primary pattern, with the element assembled in the array, was used
instead for these angles. Figure 24 shows the smoothed primary
patterm. Using this data to replace the function sin @ in Equation
(2), the measured and computed radiation patterns were in good
agreement. Figures 25-2 and 25-b show, respectively, the measured and

computed radiation patterns for 180 degrees phase increment.

DIODE OSCILLATORS AND MODULATION

Background

Microwave diode (negative resistance) oscillators have become
fully established for the generation of microwave power and their
system application is rapidly growing. The emergence from the
laboratory into the real world started only a few years ago and is
continuing. The low-efficiency (IMPATT and Gunn) oscillators have
been at the forefront and are being closely followed by the higher
efficiency (TRAPATT) and high peak power (LSA) devices. .IMPATT and
Gunn oscillators constitute the great majority of available devices

and have been reported extensively in the literaturets-llj.
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A bibliography of Gunn devices and theory is also available[12’13].

The predominant reasons for selecting the avalanche diode
oscillator for study were given in an earlier section. 1In addition
it was felt that the limited effort available would be best used if
directed to the study of different aspects of a specific type of
oscillator. The work covered the following general areas:

. Behavior of the injectiomr locked oscillator.

« Principles and problems of oscillator design.

« Characteristics and techniques of modulation,
especially phase coding.

During FY 1969, the main effort was directed to the first two
areas, using IMPATT cavity oscillators. Typical characteristics of
pulse-modulated injection-locked oscillators were also studied[sj.
In the current year the work was extended to include MIC IMPATT
oscillators and phase coding.

Injection phase locking was chosen as a suitable technique
for producing phase coherence between the oscillators of the array
and studies were therefore made of this technique during FY 1969[5]
to compare practical performance with theoretical predictions.
Adler's theory, originally directed to the klystron oscillator, and
relating locking bandwidth and phase errors to the circuit Q and
injection power level, was found to agree well with experimental

results. This theory is discussed in a later section'
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In view of the misunderstanding and the confusion between the
various oscillators that often exists, a brief and simple description
is given of the basic oscillator types in the following sections. A
somewhat more detailed description of the fundamental mode (IMPATT)
avalanche diode oscillator and the Gunn and LSA oscillators is given
in Appendix C.

Fundamental Mode Avalanche Oscillator (IMPATT)

The avalanche diode is so called because it is operated with
reverse bias producing a strong enough electric field to induce
reverse breakdown by means of the avalanche process (exponential
increase of ionization with time, due to molecular impacts). The
term IMPATT (impact ionization avalanche transit time) diode is also
commonly used. In a simplified explanation of the process, an
electric charge is first created in a narrow region at which the
electric field is maximum and heavy impact ionization occurs. This
charge then moves at constant velocity across a drift zone under
the influence of the electric field. The output current then consists
of a series of pulses which are delayed and thus shifted in phase
relative to the applied voltage. The length of the drift zone is
designed to produce a transit time delay of half the RF period. The
current is thus out of phase with the applied voltage and power is
delivered to the load. The diode also can be said to havé a

negative RF resistance at this frequency.
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High Efficiency Avalanche Oscillator (TRAPATT, ARP)

Whereas the fundamental IMPATT mode operates at low efficiency
in the range 2 - 10%, the high efficiency modes of operation can
achieve efficiencies approaching 607 (pulsed) and 45% (CW). The
latter modes are achieved by operating at a subharmonic of the
fundamental transit-time frequency of the avalanche diode. A
resonant idler circuit is provided at the fundamental frequency as
well as at the desired output frequency. The output frequency is
typically between the second and tenth subharmonic of the fundamental

fi1]

frequency. Several theories have been proposed to explain the

high efficiency modes, the most generally accepted description being

the TRAPATT (IRApped Plasma Avalanche Iriggered Transit) mode[la].

Another description is the ARP (Avalanche Resonance Pumping) mode,
[11]

which is a parametric theory o

Gunn Oscillator

Operation of the Gunn diode oscillator is based on a class of
semi-conductors that exhibit a mobility (drift velocity of ions/
electric field) having two values, with a transition occurring at
a critical value of electric field. Gallium arsenide is the material
almost exclusively used at present. The Gunn diode behaves as a
resistor until the electric field due to the applied voltage rises
above the critical value. At this point the mobility falls from the

higher to the lower value, resulting in an accumulation of electrons
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in a space-charge domain which grows and travels across the diode
to produce an output current pulse. The pulse rate and hence the
operating frequency is determined by the transit time, but tuning
of the oscillator circuit can affect the position of domain formation
in the diode and allow almost an octave tuning band for a given
diode. The possible operating frequencies extend above 20 GHz.
LSA Oscillator

Operation of the ISA (Limited Space Charge Accumulation) diode
oscillator is a specialized mode of operation of a Gunn diode. The
essential difference is that space charge accumulation, characteristic
of the Gunn diode, is only allowed to form partly, hence the name.
By applying a bias field which is much larger than the mobility
transition threshold and allowing the AC field to build up initially
8o that the total field dips below the threshold, the space charge
accumulation is dissipated. The field remains above the threshold
for most of the cycle and most of the bulk of the device (rather
than a small region) exhibits negative resistance. The advantages
are that high peak powers can be obtained because of the extended
negative resistance region and that the device is not transit-time
limited like the other three oscillators described.

Performance Status

Various versions of IMPATT and Gunn diode oscillators, which
operate in their low efficiency (2-107%) fundamental mode, are avail-

able commercially. Table 4 presents data on some typical devices.
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Considerable and continuing effort has gone into the theory and
development of oscillators having higher efficiency and power output,
operating pulsed and Cw[lS-ZO]. The TRAPATT mode avalanche diode
oscillator probably represents the most advanced and promising high
microwave frequency device that is becoming available[14]. Table 5
outlines some laboratory results of the higher efficiency modes
and these data represent what might be available in the future.
Various techniques have been reported for overcoming the
power limitations of individual diode oscillators and amplifiers by
means of power-combining circuits[21]. One form is the arrangement
of diodes in series or parallel arrays. For example, five diode
wafers have been paralleled to produce 2.8 watts (CW) at X-band in

[22]

the IMPATT mode , and three series-connected diodes have produced

4.5 watts (CW) at 13 GH2[23]. Five diodes have been s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>